Although investigations into UPS impairment as a prerequisite for polyglutamine disease pathogenesis have revealed conflicting results
, it is now becoming clear that alterations in the partitioning of ubiquitin into Lys-conjugated chains is tightly associated with disease progression [14] . Because [15] , whereas distinct point mutations in the deubiquitylating enzyme UCH-L1 gene have been associated with both increased and decreased susceptibility to Parkinson's disease [16, 17] . Furthermore, knocking this gene out in mice leads to the neurodegenerative condition gracile axonal dystrophy [18] .
Ubiquitin is transcribed from four loci in mammals, and in each case it is translated as a precursor protein. The
Uba genes are translated as one ubiquitin monomer fused to either the large ribosomal subunit L40 (Uba52) or the small ribosomal protein S27a (Uba80) [19] . The remaining ubiquitin genes Ubb and Ubc encode stress-inducible polyubiquitin precursor proteins of around 3-4 or 9-11 monomers, respectively [20, 21] , which are cleaved into monomeric ubiquitin by cellular deubiquitylating enzymes. Studies in yeast suggest that the ribosome-fusion genes provide the bulk of cellular ubiquitin under normal circumstances, whereas the single polyubiquitin gene is required for resistance to various cellular stresses [22, 23] .
We set out to investigate the regulation of ubiquitin in a mouse model of HD and test the hypothesis that the mammalian polyubiquitin genes would be protective against the toxic effects of pathogenic polyglutamines. To investigate this, Ubc heterozygous knockout mice (Ubcϩ/Ϫ) were generated [20] [24] . Ubc heterozygous knockout mice were generated on mixed (129/sv(J) ϫ c57BL/6J) background and genotyped by PCR as described previously [20] . Rotarod analysis and grip strength assessment were performed as previously described [11] , and mice were weighed weekly to the nearest 0.1 g. Exploratory activity of mice was performed as previously described [25] . concentrations in untreated and Usp2-cc-treated samples were calculated using a previously published protocol described in [26] . [27] . Relative quantification analyses were performed using the 2
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Ϫ⌬⌬Ct method [28] , using the geometric mean of three reference genes as a calibrator [29] . (Fig. 3) . This is reflected by the significant P-values in Table 1 under 'Time X R6/2', but is less obvious for centre-rearing than the other three parameters however. Ubc genotype has no effect on the time-dependent decrease in activity (see Table 1 under 'Time X Ubc') and loss of one Ubc allele does not affect the change in activity over 1 hr in R6/2 mice (see Table 1 under 'Time X R6/2; Ubcϩ/Ϫ').
R6/2 mice appear to be less active than non-R6/2 mice from 4 weeks until 12 weeks (Fig. 3) and this is statistically significant from 8 weeks onwards (see Table 2 under 'R6/2'). In contrast, Ubc genotype has no effect on activity (see Table 2 under 'Ubc'). Interestingly, R6/2; Ubcϩ/Ϫ mice appeared to be generally more active than R6/2 mice however (Fig. 3) , suggesting that the loss of Ubc allele improves certain polyglutamineinduced disease phenotypes, albeit modestly. Indeed, this increase in activity was found to be significant for rearing and centre-rearing from 4 weeks of age until 12 weeks (see Table 2 under 'R6/2 X Ubc'). (Fig. 4A) . Six for mammalian cells [26] (Fig. 4C) . In all genotypes, total tissue ubiquitin levels were only modestly greater than estimates of monomeric ubiquitin in untreated samples (Fig. 4C) (Fig. 4C) . Likewise, the levels of total ubiquitin in R6/2; Ubcϩ/Ϫ brains were reduced (Fig. 4C) . Therefore, the loss of one Ubc allele causes a reduction in total brain ubiquitin levels in R6/2 and non-R6/2 mice. (Fig. 5A) . Interestingly, there was a significant increase (P Ͻ 0.001) in a prominent 25-kD band in R6/2 mice (Fig.  5A) , which corresponds to monoubiquitylated histone H2A (uH2A) . This is the most abundant ubiquitylated protein in the cell and it has been estimated that 5-15% of H2A is ubiquitylated [31, 32] (Fig. 5B) . Similarly, although increased levels of uH2A was observed in 8-week-old R6/2 brains, R6/2; Ubcϩ/Ϫ mice appear to be largely protected against this effect (Fig. 5C) [16] [17] [18] 34] .
Treatment of brain extract with Usp2-cc followed by Western blot analysis confirms that all visible ubiquitin conjugates were successfully converted into monomeric ubiquitin
13-week-old brains of all four genotypes were then homogenized and adjusted to the same protein concentration, and total ubiquitin levels were measured in each genotype by treating brain samples with Usp2-cc prior to performing the ELISA. Untreated samples were also included in parallel to give an indication of what proportion of cellular ubiquitin in mice of different genotypes exists as monomer, as the ELISA is performed using an antibody that preferentially detects monomeric ubiquitin. Commercially available purified ubiquitin protein was attained and two standard curves of known ubiquitin concentration were run alongside the untreated samples on each plate (Fig. 4B). This allowed accurate quantification of total ubiquitin levels in each sample, and it was found that ubiquitin concentrations in the brain were consistent with those © 2008 The Authors Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 4 Quantification of ubiquitin levels in R6/2-Ubc mice by indirect competitive ELISA. (A) Treatment of brain samples with the ubiquitinspecific protease Usp2-cc successfully converts all visible ubiquitin linkages into monomeric ubiquitin. Blots were stripped and reprobed with ␣-tubulin to show equal loading of protein. (B) Standard curve using precise ubiquitin concentrations shows the indirect competitive ELISA is linear in the range of 2-500 ng of ubiquitin. (C) Total ubiqutin levels in the
Monoubiquitylation of histone H2A (uH2A) is altered in R6/2-Ubc brains
Although ubiquitin quantification showed that levels of total ubiquitin were reduced by loss of one Ubc allele, it was important to examine ubiquitin profiles by Western blot in the brains of R6/2-Ubc mice. This would highlight any alterations in the partitioning or distribution of ubiquitin caused by the expression of mutant N-terminal htt. To investigate any changes in the ubiquitin balance in R6/2 mice therefore, ubiquitin profiles of WT and R6/2 brain hemispheres were compared. In keeping with the ELISA results, levels of monomeric ubiquitin in 13-week-old R6/2 brains were similar to WT
Discussion
In this study, we have set out to investigate the involvement of ubiquitin in the pathogenesis of HD. As well as being central to protein degradation through the UPS, ubiquitin also plays a role in various cellular processes such as transcription, DNA repair and receptor-mediated endocytosis. Therefore, disturbances in ubiquitin regulation could affect pathogenic processes in HD through a variety of mechanisms. Further highlighting the importance of ubiquitin processing and function to a healthy nervous system is the occurrence of neurological disease in humans and mice caused by mutations in ubiquitin-processing enzymes
To investigate the role of ubiquitin in HD, we crossed the wellcharacterized R6/2 model of HD [35] with Ubc heterozygous knockout mice [20] [22] . [40] . In addition, the accumulation of polyubiquitin chains in R6/2 mice and human HD patient brains suggests that disturbances to the ubiquitin system may be a global consequence of mutant htt expression [14] .
Remarkably [41] . In addition, H2A monoubiquitylation has been shown to prevent di-and tri-methylation of histone H3 on lys 4, which is required for transcription initiation (reviewed in [42] Fig. 5 differs to that depicted in Fig. 4 . The lysis buffer used for the Western blot in Fig. 5 is incompatible with Usp2-cc activity, and immunoprobing with the anti-ubiquitin antibody does not work as effectively in the buffer used for Usp2-cc digestion (Fig. 4) . Error bars represent standard errors of the mean.
shown to both decrease uH2A levels [43] and in a separate study improve polyglutamine-induced behavioural abnormalities [44] (Fig. 6) [13] .
Given that the expression of N-terminal mutant htt disturbs the balance of protein folding homeostasis within organisms [8] 
